The effect of hyperglycemia on cytosolic free calcium ([Ca2+l) during temporary focal cerebral isch emia was investigated in cats using a fluorometric tech nique. The middle cerebral artery (MCA) was occluded for a period of 1 h, after which the clip was removed. In seven animals, plasma glucose was raised to 50(}"700 mg/ dl by infusion of a 50% glucose solution starting 30 min after MCA occlusion, while eight animals were kept nor moglycemic during and following occlusion. MCA occlu sion induced a significant, but identical, elevation of the [Ca2+]j signal ratio (400/506 nm) in both the normoglyce mic group (from 1.40 to 1. 97 ± 0.34, p < 0.01) and in the hyperglycemic group (from 1.40 to 2. 00 ± 0.53, p < 0.01)
at the end of the occlusion. Between 10 and 30 min after reopening, the [Ca2+]j signal ratio decreased to control levels in the normoglycemic group (1.40 ± 0.11 and 1.36 ± 0.08 at 10 and 30 min after reopening, respectively), but remained elevated in the hyperglycemic group (1.69 ± 0. 18 and 1.65 ± 0.21 at 10 and 30 min after reopening, respectively). There was a statistically significant differ ence between the two groups (p < 0.01). These data sug gest that hyperglycemia may be harmful to calcium recovery during the early recirculation period following focal cerebral ischemia. Key Words: Hyperglycemia Cerebral ischemia-Calcium-Cats.
1986; Ginsberg et aI., 1987; Zaaslow et aI., 1989) suggest that it either decreases or has no effect on the extent of cerebral injury.
The possible role of calcium in irreversible cell damage during cerebral ischemia and reperfusion has been a focus of attention over the past decade (Siesj6, 1981; Siesj6 and Bengtsson, 1989) . Using an in vivo fluorometric technique with indo-1, a fluo rescent Ca2+ indicator, we recently demonstrated in cats that cytosolic free calcium ([Ca2+]j) in the cortex increased in severe ischemia caused by mid dle cerebral artery (MCA) occlusion (Uematsu et aI., 1988) . The purpose of the present study was to examine the effects of glucose on cerebral ischemia and reperfusion from the viewpoint of calcium me tabolism.
MATERIALS AND METHODS
The details of the surgical preparation have been de scribed previously (Uematsu et aI., 1988) . Adult male cats (2.(}"3.2 kg) fasted 18 h before surgery were anesthetized by halothane inhalation; induction and maintenance doses were 5. 0 and 1.0%, respectively. Following trache-ostomy, the respiration was maintained with a mechani cal ventilator (Model 622, Harvard Apparatus, Millis, MA, U.S.A.). Both femoral arteries and one femoral vein were catheterized for monitoring arterial blood pressure, to obtain arterial blood for analysis of blood gas param eters, blood glucose concentration, and plasma osmolal ity, and for the administration of drugs. The left lingual artery was also cannulated so that a 0.5 ml saline bolus could be intermittently injected to obtain cerebrovascular hemodilution curves. The rectal temperature was main tained at 37°C using a thermostat-controlled heating pad. After fixing the animal's head in a stereotaxic frame, a burr hole was made over the left middle ectosylvian gy rus, and the dura membrane was incised. A quartz cranial window equipped with silver EEG electrodes and inlet outlet tubing was placed into the burr hole and the space beneath the cranial window was filled and superfused continuously with artificial cerebrospinal fluid (ACSF) of the following composition (in mM): Na, 140; K, 2.5; Ca, 1. 5; Mg, 1.2; CI, 130; HC03, 14.5; glucose, 3. 3 ; N-2-hy droxyethylpiperazine-N' -2-ethanesulfonic acid (HEPES), 10; pH 7.35 at 37°C.
ACSF containing 7 f.1M indo-l acetoxymethyl ester (Indo-I-AM, Molecular Probe Inc., Eugene, OR, U. S. A. ) at a temperature of 37°C was superfused over the cortical surface for 2 h. The membrane-permeant indo-I-AM dif fuses into the neuronal cells and is hydrolyzed by the action of cytoplasmic esterase to the membrane impermeant indo-I, which is trapped in the cells as a spe cific indicator for Ca2+. Following this loading, the re maining extracellular dye was washed out by superfusion for 30 min with ACSF without indo-I-AM.
A 100 W mercury arc lamp (Osram, Munich, Germany) with a stabilized direct current power supply (Ludl Elec tric Products, Ltd., Scarsdale, NY, U.S.A.) was utilized as a light source. Ultraviolet excitation light (340112 nm) was focused on a small cortical area, and indo-l-Ca2+ fluorescence (400 and 506 nm), NADH fluorescence (464 nm, an isosbestic point of the indo-l spectra), and ultra violet reflection (340 nm) were selectively transmitted through a four-way quartz fiber bundle to four photomul tipliers (RI104 Hamamatsu, Hamamatsu City, Japan) with appropriate barrier filters. Measurements were made from the middle ectosylvian gyrus, considered to be in the central MCA territory (Ginsberg et aI. , 1976) .
The ultraviolet reflection is inversely related to changes in local cortical blood volume (lCBV) (Harbig et aI., 1976) . Lingual artery flushes with saline permitted the measurement of the vascular mean transit time, which, along with changes in lCBV, enabled changes in local cortical blood flow (lCBF) to be calculated.
The indo-l-Ca2+ signals and the NADH signals were corrected for changes in ICBV based on the cerebrocor tical hemodilution curves as described previously (Harbig et aI., 1976) . The indo-l-Ca2 + signals were corrected for the changes due to NADH fluorescence by determining the response of the indo-l signal to a brief period of an oxia prior to indo-I-AM loading (Uematsu et aI. , 1988) . The basal indo-l-Ca2+ fluorescence level in the cortical area was determined by subtracting the preloading auto fluorescence level from the fluorescence level reached after indo-l loading. Following the correction for hemo dynamic and NADH changes, a corrected signal ratio (400 nm/506 nm) was calculated and used as a measure of intracellular free calcium. Each channel was calibrated with an electronically generated constant signal. The four J Cereb Blood Flow Metab, Vol. 12, No.3, 1992 optical signals, the blood pressure, and the electroen cephalogram (EEG) from each hemisphere were recorded on a seven-channel polygraph (Model 7D, Grass Instru ments Co. , Quincy, MA, U. S.A.).
The mean transit time (MTT) was determined from an analysis of the cerebrocortical hemodilution curve pro duced by small bolus injections of saline into the lingual artery. The area under this dilution curve as determined by integrating from the time in which the curve deviated from the control baseline level was divided by the height of the curve to determine the MTT (Meier and Zieder, 1954) . The bolus was administered over 1 s and the time duration of the bolus was the same for all injections. Changes in ICBV were measured from the changes in the reflected (340 nm) light during the study with 0% CBV defined as the reflectance when the blood was washed out from the region of interest, and 100% as the reflectance signal during the control (baseline period). Changes in cerebral blood flow (CBF) were determined by dividing the changes in CBV by MTT.
Following the indo-l loading procedure, the exposed left MCA trunk was occluded with a miniature Mayfield clip. After 1 h of MCA occlusion, the clip was removed and the fluorescence was monitored over the first 60 min of reperfusion. Due to the potential for photobleaching of indo-l-Ca2 + , the optical signals were measured intermit tently for 5 s every 5 to 10 min.
Thirty minutes after occlusion, an infusion of a 50% glucose solution was initiated in seven cats whose EEG amplitude was depressed and remained between 10 and 20% of the preocclusion level from 5 to 30 min after MCA occlusion. During the first 5 min, glucose was given at the rate of 0. 20 g/kg/min, and then changed to a rate of 0. 025 g/kg/min until the end of the study (after 3 h of reperfu sion). Eight animals whose EEG showed the same change following occlusion as the hyperglycemic group were used as controls.
Three hours after the start of reperfusion, the animal was killed and the brain removed and fixed in 10% for malin for 2 weeks. Histopathologic evaluation was per formed in the hematoxylin-eosin stained slides by light microscopy. Coronal sections were made at the level of the cortical window 2-2.5 mm apart in the region of the fluorometric measurements. All of the tissue sections were analyzed by one of the authors (J. T.S. ), who was blinded as to whether they were from hyperglycemic or control animals. The region with histological evidence of neuronal injury was outlined on the slides. To insure that artifactual changes in the appearance of neurons were excluded from the area of injury, the ischemic hemi sphere was compared with homologous regions of the contralateral hemisphere. In addition to neuronal changes, vacuolation of the neuropil was also required for a region to be classified as having histopathological evi dence of ischemic injury. Consequently, some regions with minor histological changes, which may have been the consequence of local ischemia, were not classified as injured. Typically, the differences in the histological ap pearance between areas of injury showing shrunken pyk notic neurons with vacuolated neuropil and normal re gions (or less severely damaged regions that were classi fied as normal) were quite striking. The outline of the region of histologic damage was marked on the stained sections, and the area of this region was determined using an image analyzer with a video camera.
The two groups were compared using analysis of vari-ance. If significance was attained, probing tests at indi vidual times were undertaken using Student's two-tailed t test or Scheffe's test. The results were considered statis tically significant if the probability value was <0.05. All values are expressed as mean ± SD.
RESULTS
Data on mean arterial blood pressure, arterial blood gas analyses, and plasma glucose concentra tion are summarized in Table 1 . In the hyperglyce mic group, arterial blood pressure increased by 10 mm Hg, but it recovered in 10 min and remained almost constant throughout the experiment. There were no significant differences in arterial blood gas values between the two groups. In the hyperglyce mia group, plasma glucose increased to 520 ± 121 mg/dl within 10 min after the start of glucose infu sion and remained elevated at 622 ± 82 and 651 ± 66 mg/dl at 30 and 60 min after starting the glucose infusion, respectively ( Fig. I) .
Plasma osmolality was checked only in the hy perglycemic group. Before the glucose infusion, the plasma osmolality was 316.1 ± 4.8 mOsm/L, but it increased to 330.9 ± 4.2 at 30 min into the glucose infusion, 334.1 ± 4.2 mOsm/L at 60 min into the infusion (p < 0.01), and 338.0 ± 5.9 mOsm/L at 120 min into the infusion. All postinfusion osmolality values were significantly greater than the control level (p < 0.01).
The EEG amplitude of the occluded side was markedly reduced following MCA occlusion and re mained between 10 and 20% in both groups prior to the start of glucose infusion (Fig. 2) . Twenty min utes after MCA occlusion, the mean EEG ampli tude was 14 ± 3% of control in the hyperglycemic group and 15 ± 8% of control in the normoglycemic group. By the end of 60 min of occlusion (30 min after the start of the glucose infusion), the mean EEG amplitude was 16 ± 13% of control in the hyperglycemic group and 14 ± 6% in the control group. During reperfusion, the mean EEG ampli tudes of both groups were very similar.
In both groups, the [Ca2+]j signal ratio started to increase very soon after MCA occlusion and re mained elevated throughout the ischemic period ( Fig. 3 ). Within 10 min of occlusion, the [Ca2+t signal ratio of the hyperglycemic group was 1.86 ± 0.25 while in the normoglycemic group this ratio was 1.78 ± 0.23. There was very little further in crease in [Ca2+]j throughout the remainder of the occlusion, even after the start of the glucose infu sion. Immediately prior to the start of reperfusion, the [Ca2+]j signal ratio was almost identical in both groups (1.97 ± 0.32 and 2.00 ± 0.53 in the hyper glycemic and normoglycemic animals, respec tively). After reperfusion, the [Ca2+t signal ratio decreased to the control level in the normoglycemic group, while in the hyperglycemic group the [Ca2+]j decreased slightly but still remained elevated during the reperfusion period. Ten minutes after reopen ing, this ratio was 1.69 ± 0.18, and 30 min after reopening it was 1.65 ± 0. 21. The difference be tween the normoglycemic group and hyperglycemic group was statistically significant (p < 0.01) for the first 50 min of reperfusion. By 1 h after release of the occlusion, however, there was no significant difference between the normoglycemic and the hy perglycemic groups.
The NADH/NAD redox state became reduced in both groups after MCA occlusion but slowly re turned to the control level during occlusion (Fig. 4) . During reperfusion, the normoglycemic group showed a rapid oxidization, while the hyperglyce mic group remained at the control level, although there were no statistically significant differences be tween the two groups.
In both the normoglycemic and the hyperglyce mic animals, the lCBV decreased gradually during MCA occlusion, and recovered during reperfusion (Fig. 5 ). By the end of the occlusion, the lCBV in the hyperglycemic group was 88.2 ± 12.9% of con trol, while in the normoglycemic group the lCBV was 89.4 ± 14.9% of control. Thirty minutes into Values are mean ± SD, n = 7 for hyperglycemia and n = 8 for normoglycemia. Time (min) reperfusion, the ICBV was 102.8 ± 13.2% of control in the hyperglycemic group and 106.2 ± 7.3% in the normoglycemic group, neither value significantly different from control. The MTT in the steady state, prior to occlusion, was 2.39 ± 0.53 sen = 15), there being no difference between the treated and untreated animals at this time. In both groups, the ICBF decreased dramati cally after MCA occlusion, with no significant dif ferences seen throughout the ischemic period ( in the hyperglycemic group was lower than in the normoglycemic group, but by 1 h of reperfusion the ICBF in the two groups was virtually identical. At no time during the study was there significant dif ferences in flow between the two groups.
The area of damage was normalized by the total area of the left hemisphere in two coronal sections through the tissue under the window. The damaged area was 29.6 ± 10.8% in the hyperglycemic group and 33.9 ± 12.8% in the normoglycemic group, with no significant difference between the two groups. In both the hyperglycemic (e) and the normo glycemic (0) groups, the NADH/NAD redox state was re duced after MCA occlusion. This reduced state was main tained in the normoglycemic animals during occlusion, but in the hyperglycemic animals, the NADH/NAD redox state re turned to the control level after the start of glucose infusion. During reperfusion, the normoglycemic group showed a rapid oxidization, while the hyperglycemic group remained at the control level. These differences, however, were not statistically significant. Values are mean ± SD.
DISCUSSION
In the fluorometric technique for the in vivo mea surement of changes in cytosolic free calcium, there is significant cross-channel contamination that must be taken into account. The channels primarily sen sitive to changes in the fluorescence of the calcium indicator also receive signals due to autofluores cence, NADH fluorescence, and changes in CBV. The methods by which these corrections are made are described in detail in a previous publication (Uematsu et aI., 1988) . The hemodynamic correc tion factors that we use are identical to those de scribed by Harbig et aI. (1976) and Dora (1984) , and is based on frequent small flushes with saline to produce artificial hemodilution. Since this correc tion factor may change during the course of the study, it is important to determine the correction factor frequently. The four wavelengths used in our studies are all close to the isosbestic point of the oxygenated and reduced hemoglobin; therefore, the degree of hemoglobin oxygenation should not con tribute appreciably to the results. The corrections for NADH fluorescence were obtained by inducing a short anoxic insult prior to loading of indo-I, when any observed changes in the calcium channels will be due to NADH fluorescence and not indo-l fluorescence. If this correction factor is made care fully, the corrected signal should represent only indo-l fluorescence, with little (or no) NADH com ponent.
These studies indicate that recovery of cytosolic free calcium during the reperfusion period following focal cerebral ischemia is delayed more in hyper glycemic animals than in the normoglycemic ani mals. We have previously shown that only severely stroked cats whose EEG amplitude is depressed to less than 20% of control exhibit an increase in cy tosolic free calcium during ischemia (U ematsu et aI., 1988) . There also appears to be a good corre lation between changes in the EEG following occlusion and histopathological ischemic changes (Tanaka et aI., 1986) . Therefore, we have included only animals whose EEG amplitude was depressed to between 10 and 20% of the pre occlusion level In both the hyperglycemic (e) and the normoglycemic (0) groups, the ICBV decreased gradually during MCA occlusion and then recovered during reperfusion with no significant differences observed between the two groups. The ICBF de creased dramatically after occlusion in both hyperglycemia and hypoglycemia groups, with no significant differences ob served throughout the ischemia. During the first 30 min of reperfusion, the ICBF in the hyperglycemia group was lower than the normoglycemic group, but 1 h after the start of reperfusion, the ICBF in the hyperglycemia group recovered to the same level as the normoglycemic group. Values are mean ± SD.
between 10 and 30 mm after the MCA was oc cluded.
There are very little data in the literature relating to the changes in brain calcium levels during hyper glycemia. Siemkowictz and Hansen (1981) exam ined the effects of plasma glucose level on extracel lular K + , Ca2 + , and H + following 10 min of global cerebral ischemia in the rat. They found that brain pH was lower in the hyperglycemic animals during ischemia, but that the changes in K + and Ca2 + were not significantly altered by the elevation in glucose. Warner et al. (1987) measured total tissue calcium in the cortex of rats subjected to 10 min of forebrain ischemia followed by 1.5 to 24 h of recir culation. They observed a significant increase in Ca2 + only in hyperglycemic animals that developed seizures; all other animals, both normoglycemic and hyperglycemic, did not show any significant changes in tissue calcium level. At least two signif icant differences exist between these experiments and the present study. Both the studies of Si emkowictz and Hensen (1981) and that of Warner et al. (1987) employed global ischemia models; the de gree of ischemia induced in their models may differ significantly from that in our focal model. In addi tion, their measurements of either extracellular cal cium (Siemkowictz and Hansen, 1981) or total tis sue calcium (Warner et aI., 1987) are not equivalent to the measurement of changes in intracellular cal cium used in the present study due to shifts of cal cium between the extra-and intracellular spaces, as well as the sequestration of calcium by intracellular organelles (Siesjo and Bengtsson, 1989) .
Following 2 h of MCA occlusion in the cat, Ven ables et al. (1985) found that pial surface potassium activity remained elevated in the penumbra zone during reperfusion in hyperglycemic cats but re turned to normal in normoglycemic animals. Al though changes in potassium may not directly relate to changes in calcium, the time course of these po tassium changes are very similar to the changes in [Ca2+]j observed in our study. Both phenomena may be due to damage to cellular membranes. Re cently, Lundgren et al. (1990) examined the post ischemic alterations of the pyruvate dehydrogenase complex (PDHC) in normoglycemic and hypergly cemic rats subjected to 15 min of total forebrain ischemia, and found a relative increase in the frac tion of activated PDHC in the early recovery phase in hyperglycemic animals compared to normoglyce mic animals. They speculate that this is due to ei ther increased intramitochondrial calcium levels or to persistent increases in the NADH/NAD and/or the ADP/ATP ratios. Our observation of a small change in NADH/NAD redox state in hyperglyce-J Cereb Blood Flow Metab, Vol. 12, No. 3, 1992 mic animals suggests that the increase in PDHC in the early reperfusion phase may reflect an increase in intramitochondrial calcium levels. Mitochondria will sequester Ca2+ when the cytosolic free calcium is abnormally increased (Dux et aI., 1987) so that a Ca2+ increase in the mitochondria reflects an in crease in cytosolic free calcium.
During the early reperfusion period following temporary focal ischemia, the normoglycemic ani mals show a rapid recovery of calcium homeostasis, whereas the hyperglycemic animals exhibit a pro longed elevation in [Ca2+]i' Ginsberg et al. (1980) showed that flow and metabolism during ischemia in normoglycemia and hyperglycemia do not differ greatly, but that there was a striking failure of he modynamic and metabolic recovery in the recircu lation period in the hyperglycemic animals. Kozuka et al. (1989) observed that preischemic hyperglyce mia markedly accentuated the postischemic depres sion of local cerebral glucose metabolism, and Welsh et al. (1983) found that both CBF and ATP were significantly lower in animals pretreated with glucose following 60 min of reperfusion. During global ischemia in the cat, Chopp et al. (1987) found that intracellular pH obtained by magnetic reso nance spectroscopy fell to the same level in normo glycemia and hyperglycemia during ischemia, whereas there was a decline in intracellular pH in the hyperglycemic group during the initial reperfu sion that was greater than that which occurred in the normoglycemic group. These studies indicate the importance of the early phase of reperfusion in the metabolic derangement during hyperglycemic conditions.
During both ischemia and reperfusion, hypergly cemic animals exhibit a more severe lactic acidosis than do normoglycemic animals (Welsh et aI., 1980; Rehncrona et aI., 198]; Smith et aI., 1986) . In other studies, hyperglycemic animals showed a more pro nounced drop in intracellular pH only during the initial reperfusion period (Smith et aI., 1986; Chopp et aI. , ]987, 1988), or after 3 h of reperfusion (Marsh et aI., 1986) . This intracellular acidosis is thought to be closely related to the changes in cytosolic free calcium. Abercrombie and Hart (1986) observed an increase in cytosolic Ca2 + when the pH was de creased, indicating that acidosis can induce a cal cium release from intracellular binding sites leading to a reduction in the capacity of the cell to buffer a calcium load (Siesjo, 1988) . The persistent elevation in [Ca2+]i observed in the hyperglycemic group dur ing the early reperfusion period in our study may be closely related to this decrease in intracellular pH.
Even though we observed a difference in the [Ca2+]i between the hyperglycemic and the normo-glycemic group during the early reperfusion phase, no histopathological differences were found after 3 h of reperfusion. Previous investigations of the ef fect of hyperglycemia on histological damage in ce rebral ischemia have been equivocal. Nedergaard (1987) observed a significantly larger infarct volume in hyperglycemic rats than in normoglycemic ani mals following 10 or 15 min of MeA occlusion. Tis sue with extensive collaterals, such as the neocor tex in the rat, appear to be more vulnerable to the deleterious effects of hyperglycemia during MeA occlusion than are regions with a nonanastomosing vascular supply, such as the striatum (Prado et al., 1988) . In a photochemically induced thrombotic ischemia model in the rat, Ginsberg et al. (1987) found that larger infarct volumes were correlated with lower plasma glucose levels. Recently, in a permanent model of MeA occlusion in the cat, Zasslow et al. (1989) also observed an inverse rela tionship between the blood glucose concentration and the area of cortical damage. Although they did not monitor osmolality, they did discuss the possi bility that the beneficial effect of hyperglycemia may be due not to glucose per se but to the hyper osmotic effect of glucose administration. Although the osmolality of the control group was not mea sured, we have previously measured blood osmo lality in normoglycemic animals during MeA occlu sion and reperfusion and found it to be stable. Since in this study glucose was infused continuously until the end of the study, the osmolality in the hyper glycemic animals increased gradually, becoming significantly higher than the preischemic level and presumably also significantly higher than the nor moglycemic animals. Our observation of a differ ence in calcium recovery during the early reperfu sion period, but no difference in histopathological damage, may possibly be due to the effect of hyper osmolality induced by continuous glucose infusion that may protect the brain from edema.
In conclusion, our data indicate that hyperglyce mia may be harmful to calcium recovery during the early recirculation period following focal cerebral ischemia. The hyperosmolality induced by infusion of glucose may have attenuated cerebral edema and prevented a worsening of the neuronal damage sometimes seen in hyperglycemic animals.
